A MoSi 2 -resistor furnace with an alumina tube was used for the equilibrium experiments. The master slag was prepared by melting mixtures of reagent grade CaO, SiO 2 , Al 2 O 3 , and MgO in a MgO crucible using an induction furnace in open air and the master alloy, carbon-saturated iron, was melted in a graphite crucible under a carbon monoxide ISIJ International, Vol. 41 (2001), No. 12, pp. 1447No. 12, pp. -1453No. 12, pp. 1447 © 2001 ISIJ
Introduction
Titanium is one of the most important alloying elements for the production of several grades of steels. As examples, titanium content should be controlled in the refining of Timicroalloyed HSLA steels, which are being produced for line pipes, pressure vessels, and offshore oil constructions. 1) Titanium is also used for the production of less expensive ferritic grades of stainless steel which are suitable for automotive exhaust application by replacing the use of expensive alloying elements such as nickel. Therefore, the addition of titanium to plain carbon steel and stainless steel in the ladle for improving properties has increased in recent years. In order to predict the inclusions formed and the relationship between titanium in the metal and slag, the thermodynamic activity of titanium oxides in ladle type slag must be known.
The number of previous investigations dealing with the equilibrium between metals and slags containing titanium oxide is limited. Benesch et al. 2, 3) studied the distribution of titanium between CaO-SiO 2 -MgO-Al 2 O 3 -TiO 2 slags and carbon saturated iron. However, the slag composition they investigated was in a relatively narrow range, i.e., the MgO content of 5 or 7 % and the lime to silica ratio of about one. In addition, they assumed only TiO 2 in the molten slags. Kishi et al. 4) measured both TiO 1.5 and TiO 2 contents in their studies on the equilibrium between CaO-Al 2 O 3 -TiO x slags and iron-chromium alloys. Recently Morizane et al. 5) measured the activities of TiO 1. 5 and TiO 2 in CaO-SiO 2 -MgO-Al 2 O 3 -TiO 2 blast furnace type slags and predicted the formation of titanium carbonitride using the thermodynamic data obtained. But these slags are not relevant to the ladle processes.
No information on the thermodynamic behavior of titanium oxide in ladle type slags is available. The objective of the present research was to obtain thermodynamic information on titanium oxide in ladle type slags for the control of titanium in carbon steel, aluminum deoxidized steel, and stainless steel. The composition ranges are given in Table  1 . This was achieved by investigating the equilibrium of Ti with carbon-saturated iron, Fe-Al alloy, or stainless steel and the ladle type slags.
atmosphere at 1 923 K. By chemical analysis, it was found that the slag composition was 47.97%CaO-13.18%SiO 2 -30.97%Al 2 O 3 -7.88%MgO and the master alloy was Fe-C sat -0.20%Ti. And for the experiment study on ladle type slags of stainless steel, another master slag and alloy with 54.3%CaO-13.0%SiO 2 -19.9%Al 2 O 3 -7.6%MgO-4.5%TiO 2 and Fe-C sat -17.8%Cr-0.64%Ti were prepared by melting, repectively. In each experiment, proper amount of reagent grade chemicals were mixed with the master slag to adjust the initial TiO 2 content and the slag basicity, i.e. the lime to silica ratio. The initial slag compositions except for TiO 2 were chosen to be in the liquid region of CaO-SiO 2 -MgOAl 2 O 3 system at 1 873 K. 6) For the equilibrium experiments between ladle type slags and Fe-C sat -Ti alloys or Fe-C sat -18%Cr-Ti, 5.0 g of slag was made by mixing the master slag and TiO 2 , and 10 g of the master alloys were equilibrated in a graphite crucible at 1 873 K for 24 hr under a CO atmosphere. And for the equilibrium experiments between ladle type slags and Fe-Al-Ti alloys, 8.0 g of slags uniformly mixed and 15-20 g of alloys were melted in a MgO crucible under a purified Ar atmosphere. Since the Fe-Al-Ti experiments were conducted in MgO crucibles, the slags were saturated with MgO and contained significantly more MgO. Preliminary experiments indicated for these experiments that 4 hr was sufficient to achieve equilibrium. The crucible containing a sample was then pulled out of the furnace and rapidly quenched in an Ar gas stream. The ground slag samples and the metals were chemically analyzed for CaO, SiO 2 , Al 2 O 3 , MgO, TiO 1.5 and TiO 2 and for C, Si and Ti, respectively.
Chemical Analysis
The SiO 2 content in the slag and silicon in metal was determined gravimetrically by dehydration. The contents of CaO and MgO were determined by titration with KMnO 4 and with EDTA, respectively. The Al 2 O 3 content was determined by atomic emission spectrometry. The titanium in metal and slag was analyzed by diantipyryl-methane absorptiometry. The carbon in metal was analyzed by combustion infrared spectroscopy. The contents of the Ti 3ϩ and Ti 4ϩ ions in the slag were determined by the following method. 7) A slag sample was dissolved under an Ar atmosphere into a mixture of hot HCl(1ϩ1), HF(1ϩ1), and the ferric ammonium sulfate solution. The content of Ti 3ϩ was obtained by titrating Fe 2ϩ ion, which was produced by the following ion exchange reaction, with potassium dichromate. The Ti 4ϩ content was calculated by subtracting the Ti 3ϩ ion content from the total Ti content. Not enough thermodynamic information on the TiO or Ti 3 O 5 is available and hence all reduced form of titanium was assumed as Ti 3ϩ .
Results and Discussion

Calculation of the Oxygen Potential
In the first and second sets of experiments, the ladle type slags were equilibrated with Fe-C sat -Ti alloys or Fe-C sat -(16ϳ18)%Cr-Ti in a graphite crucible under a carbon monoxide atmosphere at 1 873 K. In this case, the oxygen partial pressure is determined by C/CO equilibrium as shown in Eq. (2) In Eq. (6), the value f Al can be obtained by using the concentration of Al, O, and Ti, along with the related interaction parameters.
11) The computed oxygen potential in this case is considerably less certain than that for the C-CO case. In particular, there are uncertainties in the activities of Al and Al 2 O 3 .
Activity and Activity Coefficient of TiO 1.5 and
TiO 2 The experimental results for the first and second sets of experiments are given in Table 2 and Table 3 , respectively. The activity and activity coefficient of one component in slags are usually determined by other oxides at a given temperature under a specific atmosphere. However, the titanium oxide contents of the slag system investigated in the present research as well as most ladle slags are relatively small compared with other components. Therefore, it can be assumed that the activity and activity coefficient of titanium oxide are mainly controlled by the slag compositions composed of CaO, SiO 2 , MgO, and Al 2 O 3 . The equilibrium between Fe-C sat -Ti, Fe-C sat -(16ϳ18)%Cr-Ti, or Fe-Al-Ti alloy and a typical ladle slag was studied to evaluate the effect of the titanium oxide content on its activity. The initial TiO 2 content was varied in the range from 1 to 10 %.
The activity and activity coefficient of titanium oxide with respect to the pure solid state were evaluated based on the oxygen partial pressures previously calculated. DG 7°ϭ Ϫ714 928ϩ171.27T (J/mol) (xϭ1.5) 11, 12) DG 7°ϭ Ϫ907 604ϩ221.33T (J/mol) (xϭ2) 11, 12) . For the ladle type slags in equilibrium with Fe-C sat -Ti and Fe-C sat -(16ϳ18)%Cr-Ti alloys, the activity of titanium oxide in slags is determined by titanium content in carbonsaturated iron under 1 atm of CO gas atmosphere. The value of f Ti is 0.023 as reported by Morizane et al. 5) The effect of silicon and chromium in the metal on the activity coefficient of titanium was neglected since no information is available and assumed to be small for the low Si and Cr contents. Figure 1 shows the activity of TiO 1.5 as a function of its mole fraction for the slags not saturated with MgO but equilibrated with Fe-C sat -Ti or Fe-C sat -(16ϳ18)%Cr-Ti and CO. It is indicated that the activity of TiO 1.5 exhibits a negative deviation from Raoult's law, while a positive deviation was obtained for the activity of TiO 2 as shown in Fig.   2 . However, the activity of TiO 2 obtained for the ladle type slags of stainless steelmaking in equilibrium with Fe-C sat -(16ϳ18)%Cr-Ti exhibits a positive deviation in low TiO 2 content and a negative deviation in relatively high TiO 2 content. This indicates that the activity coefficient of Ti may be affected by the presence of silicon and chromium in Fe-C sat -(16ϳ18)%Cr-Ti alloy. The results in Fig. 1 and Fig. 2 are in contrast to those obtained by Morizane et al. 5) for 40 % CaO-42 % SiO 2 -11 % MgO-7 % Al 2 O 3 -(1ϳ 8.5%)TiO 2 . It is believed that the different tendency between the two experimental results is due to the different slag composition where one is ladle type slags and the other blast furnace type slags. The basicity (%CaO)/(%SiO 2 ) of the blast furnace slags in Morizane et al.'s work 5) was about one compared to about 3.5 in the present work. The results for the experiment using Fe-Al-Ti melts are given in Table  4 in the case the oxygen potential is considerably higher than that for the Fe-C sat -Ti and Fe-C sat -(16ϳ18)%Cr-Ti experiments. Consequently the amount of TiO 1.5 was low, especially less than one weight percent. Therefore, the thermodynamics of TiO 1.5 could not be determined with sufficient precision to be reported. In computing the activity of TiO 2 , the value of e Ti Al is not known but it's effect will be small and can be neglected. There is considerable scatter in the computed activity coefficient. The average value is about 3 to 4. The scatter in part is due to the uncertainty in the calculation of the oxygen potential. The difference among the three sets of experiments in the activity coefficient may be the result of the different slag compositions. The value obtained using Fe-C sat -Ti and Fe-C sat -(16ϳ 18)%Cr-Ti alloys may be more accurate due to less uncertainty in the oxygen potential.
Redox Equilibria of Titanium in Ladle Type Slags
It is well known that many transition cations exist in molten slags and glasses in two valency states, their relative proportions depending on temperature, pressure, composition, and oxygen potential of the system.
13) The redox reaction of titanium cations in slags can be written by Eq. (11). If the second term of the right hand side of Eq. (12) were almost independent of the titanium content in metal, there would be a linear relation between the X TiO 1.5 /X 5) for blast furnace type slags in Fig. 3 are showing a similar relationship. 
Equilibrium Distribution of Titanium between
Slag and Metal When steels are deoxidized with aluminum and also contain titanium in ladle refining processes, the slag/metal equilibrium is established for titanium by Eq. (13) . That is, the equilibrium distribution ratio in ladle practices depends on the Al content of the metal for TiO x . From the thermodynamics of TiO x and Al 2 O 3 in slag and of Ti and Al in the metal, the distribution ratio can be calculated. Aluminumtitanium equilibrium is expressed by Eq. (13) . The following relation is obtained using the equilibrium constant of the Reaction (13), K 13 .
............ (14) where f i is the activity coefficient of i component in a liquid alloy with respect to an infinite dilute of one mass% state. g TiO x is the activity coefficient of TiO x in slag with respect to pure solid state. As discussed in the present work, the amount of TiO 1.5 is small and not accurately examined. For TiO 2 the results are plotted in accordance with Eq. (14) along with the results of Kishi et al. 4) in Fig. 4 . The slope is 4/3 as predicted by Eq. (14) .
The relationship between the titanium content of the metal and the titanium oxide content of the slag can be estimated using thermodynamic information obtained in the present work. The equilibrium ratio between carbon-saturated iron and the slag for the given slag basicity and the partial pressure of carbon monoxide was computed. Starting with the Ti-TiO 2 equilibrium, the equilibrium constant for the Reaction (7) is represented by Eq. (9) .
Using the free energy of the Reaction (7), to calculate the equilibrium constant, K 7 , xϭ2, the following equation can be derived:
....... (15) Considering that the activity coefficient of titanium in carbon steel is in the Henrian region, the values of f Ti can be assumed to be unity. If the slag systems in equilibrium with Fe-C sat -Ti and Fe-C sat -(16ϳ18)%Cr-Ti alloys in Table 1 are considered as the ladle type slags for carbon steel and stainless steel, the total number of moles of the constituent oxides per 100 g of slags is about 1.52 to 1.56 for Fe-C satTi alloy and about 1.44 to 1.66 for Fe-C sat -(16ϳ18)%Cr-Ti alloy. Taking the average value, 1.54 for Fe-C sat -Ti alloy and 1.57 for Fe-C sat -(16ϳ18)%Cr-Ti alloy, the distribution ratios can be expressed as: In the interpretation of plant data on titanium oxide in ladle slags, the titanium oxide is usually assumed to be TiO 2 for the sake of simplicity because the information about the various suboxides of titanium oxide is not clear, as mentioned in the description of the chemical analysis principle. The total "TiO 2 " can be defined as follows. Eqs. (21) and (22) can be used to estimate the titanium content in steels and stainless steels, respectively, based on the activity coefficients of TiO 2 and TiO 1.5 obtained for ladle type slags in the present work along with the information on the oxygen partial pressure in ladle processes. The oxygen partial pressure is usually determined by Al/Al 2 O 3 or Si/SiO 2 equilibrium depending on the steel grades produced in ladle refining. For the ladle slags in equilibrium with Al deoxidized steel the oxygen partial pressure is determined by the Al-(Al 2 O 3 ) equilibrium. Using Eqs. (3)-(6) for computing P O 2 , it can be shown that the total "TiO 2 " content is given by Eq. . The data about the activity of Al 2 O 3 are available in several researches as described previously. 10) As discussed previously most of Ti in the slag is TiO 2 given by the first term of the righthand side in Eq. (23) and the contribution of the second term to the titanium distribution ratio is relatively small compared to that of the first term. The calculated titanium distribution ratio by Eq. (23) for aluminum deoxidized steel is plotted as a dashed curve in As can be seen in Fig. 5 , the titanium distribution ratio measured in the present work are in reasonable agreement with the data observed in practice.
9) The empirical relationship from plant data 9) is given by Eq. (25). The difference in Eqs. (24) and (25) may be due to uncertainty in the activities of Al, Ti, and Al 2 O 3 . It may also be due to variation in the activity coefficient of TiO 2 with slag composition. Considering this uncertainty, the agreement is reasonable. The titanium content in liquid steel can be controlled by adjusting the amount of aluminum addition for deoxidation and the concentration of titanium oxide in the ladle slags as shown in Fig. 6 . For example for a typical steel with 0.04 % Al the Ti content in the metal increase from 0.15 to 0.4 for slags containing 5 and 15 % "TiO 2 ", respectively.
And for the ladle slags in equilibrium with silicon-added stainless steel the oxygen partial pressure is determined by the Si-(SiO 2 ) equilibrium. Considering the activity coefficient of silicon in carbon-saturated stainless steel is in the Henrian region to compute P O 2 , the total "TiO 2 " content in Table 3 . Therefore, it may be concluded that most of the slag compositions investigated in the present study are saturated with both dicalcium silicate and lime. For the sake of interpretation most of Ti in the slag can be assumed to be TiO 2 given by Eq. (27) and the contribution of the first term of the right-hand side to the titanium distribution ratio is relatively small compared to that of the second term. The calculated titanium distribution ratio by Eq. (27) for siliconadded stainless steel is plotted as a curve in Fig. 7 based on the mean values of a SiO 2 and the activity coefficients of TiO 2 and TiO 1.5 measured for the slag compositions studied in the present work. The curve in Fig. 7 Si-Ti alloy measured in the present work are much smaller than the calculated values of Ti distribution ratio. The considerable difference between the measured values and Eq. (28) may be due to uncertainty in the activities of Si, Ti, and SiO 2 . It may also be due to variation in the activity coefficients of TiO 2 and TiO 1.5 with slag composition. The titanium content in stainless steel can be controlled by adjusting the amount of silicon addition for the reduction of chromium oxide in slags and the concentration of titanium oxide in the ladle type stainless slags as shown in Fig. 8 . For instance for a typical stainless steel with 0.50% Si the Ti content in the metal increases from 0.095 to 0.28% for slags containing 5 and 15% "TiO 2 ", respectively.
Conclusion
Thermodynamic studies of titanium in a liquid Fe-C satTi, Fe-C sat -(16ϳ18)%Cr-Si-Ti, and Fe-Al-Ti alloy in equilibrium with the ladle type slags, CaO-SiO 2 -Al 2 O 3 -MgO-TiO x , were investigated at 1 873 K. From the findings, the following conclusions were obtained.
(1) By equilibrating the typical ladle slags with Fe-C sat -Ti alloys and CO the activity coefficients of TiO 1.5 and TiO 2 were found to be 0.3 to 1.5 and 0.5 to 2.3, respectively.
(2) By equilibrating the ladle type stainless slags with Fe-C sat -(16ϳ18)%Cr-Si-Ti alloys and CO the activity coefficients of TiO 1.5 and TiO 2 were found to be 0.4 to 1.4 and 0.6 to 3.5, respectively.
(3) For the experiments with Fe-C sat -Ti and Fe-C sat -(16ϳ18)%Cr-Si-Ti equilibration the slag contained about equal amount of Ti 3ϩ and Ti 4ϩ and the relative amounts varied with Ti content in the metal as expected.
(4) For Fe-Al-Ti alloys in equilibrium with MgO saturated slags most of the Ti in the slag is TiO 2 . The activity coefficient could not be precisely as for the Fe-C sat -Ti and for Fe-C sat -(16ϳ18)%Cr-Si-Ti cases because of uncertainties in the computed oxygen potential. However, the activity also showed positive deviations and the activity coefficient is about 3ϳ4.
(5) From the present results it is probable to predict the Ti content of Fe-Al steel in equilibrium with ladle slags containing "TiO 2 ". The predictions are in agreement with plant data.
(6) The titanium distribution ratio was calculated based on the activity of SiO 2 and the activity coefficients of TiO 2 and TiO 1.5 .
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